Abstract-The purpose of this paper is to use genetic algorithm to optimize the solar cell comb shaped grids, so as to minimize the total grid related losses, namely: series resistance and shadowing losses. Minimizing such losses should lead to improved solar cell efficiencies. We have varied the height, width and number of fingers of the grids within the genetic algorithm in order to find the optimal parameters. More than 5% reduction in losses was predicted with the optimized grid dimensions.
I. INTRODUCTION
The technology of solar energy generation using photovoltaic cells is an important research topic for facing the future energy supply problem. One of the key issues for wide spreading this technology is improving the conversion efficiency while lowering the price of generated power [1] . Improvement in the efficiency of a solar cell does not only depend on the materials or structure used to fabricate it, but also on the design of the front metal grid. There are three loss mechanisms directly associated with the grid [2] . They are: (a) grid-metal resistance; (b) shadowing of the cell by the grid; (c) contact resistance between the metal and the semiconductor.
The thickness and the width of the grid fingers, as well as their spacing, are important parameters to be optimized so as to minimize the losses. If the spacing is too small, the shadow on the solar cell will be larger, whereas if the spacing is too large, the photogenerated current carriers may be lost before they reach the fingers, reducing the produced current. Another loss source is the cross section of the fingers of the grid. If the fingers are too wide, they increase the shadow and if they are too narrow or too thin, the series resistance increases, lowering the conversion efficiency. Therefore, there is an optimal value for the width, the thickness and the density of fingers which maximize the solar cell efficiency. Concerning the metal-semiconductor contact, its optimization depends on the material choice.
Computational Intelligence (CI) is an area of science that seeks, through techniques inspired by nature, the development of intelligent systems that imitate aspects of human behavior, such as: learning, perception, reasoning, evolution and adaptation [3] . Genetic Algorithm (GA) is a highly parallel search and optimization technique within CI inspired by the Darwinian principle of natural selection and genetic reproduction [4] . GA, as one of the heuristic optimization methods, has the advantage of having a greater theoretical base and yet being easier to implement. Other methods, such as Genetic Programming (GP) and Multi Objective Genetic Algorithm (MOGA), among others, not only are more time consuming but require both advanced computer programming knowledge and specific information about the problem to be solved. References [5] [6] [7] [8] present results on the optimization of metal grid design for solar cells using these methods.
GAs are implemented as a computer simulation in which an initial population of abstract solution representations is selected to start the search for better solutions. Evolution usually starts from a set of solutions created randomly and is carried out through generations. With each generation, the adequacy of each solution within the obtained population is evaluated. Some individuals are selected for the following generation and then they are combined with previously selected individuals or mutated to form a new population. The new population is then used as input to the following algorithm iteration.
In this work, genetic algorithms were applied to determine the grid fingers' width and thickness, as well as their density, so as to minimize the shadowing and series resistance losses for solar cells. The optimization was performed through the software MATLAB R2013b [9] . For a comb geometry, the width, thickness and spacing of the metal fingers which minimizes the losses were determined. A loss reduction of around 5% was obtained when compared to grids optimized using trial and error methods.
II. DEFINITION OF PARAMETERS TO BE OPTIMIZED
The different components involved in the effective electrical power generated by a solar cell, , is described in equations (1) and (2), shown below.
(1) (2) where is the effective power produced by the solar cell, is the power generated by the cell exposed to light, is the total power associated with the losses with resistances and shadow, is the power associated with loss with series resistances and is the power associated with loss due to shadowing of the cell.
Equation (3) shows how to calculate the loss caused by the shadow of the contacts, where is the operating voltage of the cell, the photocurrent at , the area covered by the contacts, its total area, the number of fingers, the width of the finger and its length. Figure 1 shows a 3D representation of the parameters of the solar cell. Relations (4) to (8) express the power loss due to the series resistance of the solar cell, RS, which has four different components, namely:
, the resistance "felt" by the electrons propagating in the metal used for the front contacts (fingers and bus bar);
, the resistance of the semiconductor material which the electrons should cross to reach the fingers;
, the contact resistance between the grid metal and the semiconductor;
, the back contact resistance.
In the above equations is the resistivity of the metal used for the front contacts, is the height of the finger, is the sheet resistance of the semiconductor emitter layer, defined by: (9) where is the specific resistivity of the emitter material, is the emitter thickness, is the electron charge, is the doping level of the layer and the mobility of the carriers. In equation (6) is the distance between two fingers, while in equation (7) is the contact resistivity between the semiconductor material and the metal and the area of the finger. Finally, in equation (8), is the sheet resistivity of the metal semiconductor back contact.
One can define the percentage of shadowing losses, LS, percentage of resistance losses, RL, and total loss percentage, TL, as in equations (10) 
III. METHODOLOGY

A. Characteristics of the solar cell
To minimize the grid losses, we apply genetic algorithms to optimize the grid dimensions and density, where we vary the height, width and number of fingers. The obtained evolution result for the losses is compared with the losses calculated for the grid which has been designed following a trial and error method. The expected loss reduction achievable with the optimized grid geometry is determined. A solar cell simulator is used within the GA to calculate the losses for the different grid characteristics.
As a case study, we use a GaAs solar cell which is described in detail in reference [10] . Figure 3 shows a scheme of the top view of the cell, which has a total area of 10.245 mm 2 , showing the grid used. Table 1 presents the grid general parameters. The experimental data measured with AM1.5 solar radiation incidence for the fabricated GaAs device, as showed in Table 2 , was used for the optimization routine. 
B. Characteristics of the algorithm
The GA is configured through the MATLAB software, using the solar simulator as the objective function in the optimization process. The optimization function within the GA is called "gaoptimset" and is used to configure the information of the genetic operators.
The GA population size has 120 individuals for 60 generations, producing a total of 7200 ratings. Regarding the operators, the fraction of crossover used is 0.8 of the single point type. Ten individuals with the best fitness values in a certain generation are chosen to survive and be part of the following generation.
In the GA, the acceptable width of the fingers, their height and their number were limited to the following intervals, respectively, (5 -1500) m, (0.1 -2) m and (2 -3000) units. An additional restriction is that the number of fingers times their width should not be greater than the total length of the cell.
IV. RESULTS AND DISCUSSION
Equations (3) to (8) and the data in Tables 1 and 2 were used by the solar simulator to obtain the power loss due to the series resistance and shadowing of the solar cell. The results for the standard grid, chosen by a trial and error method, used for the fabricated GaAs solar cell, are shown in the second column of Table 3 . Equations (10) to (12) were used by the solar simulator to obtain the total resistance losses, which depend on the partial losses by series resistance and shadowing. The target is to find the grid dimensions which minimize the total losses.
Using the described software, a function calls the solar simulator and uses the grid dimensions (an individual) as an input for the GA. At each produced generation the data related to the best individuals are saved. The values of the total losses are obtained as output of the function, and are used by the GA to evaluate each generated individual which follows the constraints defined above.
In the simulation process a graph is generated representing the efficiency of the GA as a function of the number of cycles or generations. This plot is shown in Figure 4 . As the number of generations increases the losses are reduced. However, a point is reached from which the total losses remain constant, independent of the number of generations. In Figure 4 , the mean values (diamond blue) are the average among the best individuals (square black) of each generation. According to Figure 4 , 20 generations in the GA are enough to minimize the losses. To have a clearer perception of the improvement obtained with the GA, Table 4 compares results obtained with the GAs with the ones determined by the solar cell simulator for the losses of the fabricated solar cell. The width, height and number of fingers of the investigated GaAs solar cell give rise to a shadowing, series resistance and total losses equal to 2, 39.23 and 40.45 %, respectively. The finger width, height and the number of fingers which minimizes the losses obtained by the GA are 5 μm, 1.984 μm and 8. The resistance and shadowing related data for the optimized grid are included in the third column of Table 3 . These values lead to a shadowing, series resistance and total losses equal to 1.33%, 37.44% and 38.27 %, respectively. For the calculation of the total losses a parallel resistance of 1000 ohms was assumed. The improvement in total losses by using the grid dimensions proposed by the GA equals 5.2 %. 
CONCLUSION
In this work we have demonstrated that GA can be useful to optimize the contact grid dimensions, leading to minimized resistance and shadowing losses in solar cells. A reduction in the shadowing and resistance losses of more than 5% was predicted. In order to reach such improvement only about 20 generations of individuals in the GA were needed, revealing a very fast convergence. Reducing the losses related to the grid geometry is of paramount importance in improving the solar cell efficiency. A 5% reduction in these losses leads to an increase in efficiency of 2.8% A solar cell with the optimized grid dimensions should be fabricated to experimentally verify the validity of the positive theoretical results. GA was used in this work solely to optimize the dimensions of the comb shaped grid. However, the encouraging obtained results lead to the conclusion that it should also be possible to optimize the full shape of the grid. Optimized grid geometries should, in the future, be determined and tested.
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